In this study, we establish a quantitative model to define the stretching of brain tissue, especially in ventricular walls, corpus callosum (CC) and corticospinal (CS) fiber tracts, and to investigate the correlation between stretching and regional cerebral blood flow (rCBF) before and after ventriculoperitoneal shunt operations. A nonlinear image registration method was used to calculate the degree of displacement and stretching of axonal fiber tracts based on the medical images of six hydrocephalus patients. Also, the rCBF data from the literature was analyzed and correlated with the strain level quantified in the present study. The results showed substantial increased displacement and strain levels in the ventricular walls as well as in the CC and CS fiber tracts on admission. Following shunt operations the displacement as well as the strain levels reduced substantially. A linear correlation was found to exist between strain level and the rCBF. The reduction in postoperative strain levels correlated with the improvement of rCBF. All patients improved clinically except for one patient due to existing dementia. These new quantitative data provide us with new insight into the mechanical cascade of events due to tissue stretching, thereby provide us with more knowledge into understanding of the role of brain tissue and axonal stretching in some of the hydrocephalus clinical symptoms.
Introduction
Hydrocephalus is the consequence of various causes such as congenital malformations, subarachnoid hemorrhage, traumatic brain injury, and benign and malignant brain tumors. Regardless of etiology the common denominator among the patients is obstruction of cerebrospinal fluid interfering with the brain tissue function. The symptoms and signs are somewhat different depending on whether the patient is an infant, is child, or receives the hydrocephalus in mature age.
The expansion of the ventricular system influences the surrounding areas in the brain tissue in various intensities. The clinical condition is usually defined as the Hakim triad of symptoms including gait apraxia, cognitive disturbance, and incontinence. Initially the white matter suffers more than the grey matter with reversible changes following shunt operation which reduces the expanding ventricles.
Depending on the age at which hydrocephalus develops together with the magnitude of ventricular expansion, the neuropathological pattern is different in severity. When longstanding the mechanical distortion results in more advanced neuropathological signs such as damage to the axons and myelin. Also, when the cerebral arteries and capillaries are substantially distorted, there is a potential of reduced regional cerebral blood flow which may further interfere with the clinical condition [1, 2] .
Stretching/compression of the ventricular wall [3] , the corpus callosum (CC) [4, 5] and corticospinal (CS) [6, 7] fiber tracts in hydrocephalus patients has been widely recognized in many previous research investigations. Also an early hypothesis suggested that the compression and/or deformation of the CS tracts due to enlargement of the ventricles in hydrocephalus patient may contribute to the gait disturbance [8] . However, there is a lack of study providing quantitative data of the axonal stretching level, and how the mechanical stretching may influence the axonal functions remains unclear until now. A quantitative data should also provide us more insight to understand the involvement of axonal fiber stretching in clinical symptoms.
Thus, the aim of the present study was (i) to analyze the displacement and strain levels in patients with hydrocephalus by using a numerical simulation method focusing on the ventricular walls, CC and CS fiber tracts before and after shunt operations and
(ii) to estimate the regional cerebral blood flow after treatment and the correlation to the strain level after the neurosurgical procedure.
Material and Methods

Medical Images.
Medical images from computed tomography (CT) and magnetic resonance (MR) imaging of the six patients with hydrocephalus were investigated retrospectively before ( Figure 2 ) and after ( Figure 3 ) a ventriculoperitoneal shunt operation. In this study, only the geometry of the brain is of concern to the strain level quantification. Therefore, both CT and Resonance MR Images are acceptable. This study was approved by the local research ethical committee of Karolinska University Hospital, Stockholm County.
Image Registration to Obtain Displacement Field.
Image registration aims at finding a displacement field between a fixed image and moving image to align both images as accurate as possible [9] . A nonlinear registration method, the Diffeomorphic Demons (DD) algorithm [9] implemented in the open-source software Slicer 3D, was used in this study which has been used to quantify the displacement field occurred during decompressive craniotomy in previous studies [10, 11] . The core components of the DD registration algorithm including similarity measures and the regularization model which will be presented. Given a fixed image (⋅) and a moving image (⋅), intensity-based image registration is posed as an optimization problem that aims at finding a spatial mapping that will align the moving image to the fixed image. The transformation (⋅) : R → R , → ( ) models the spatial mapping of a particular point from the fixed image space to the moving image space [12] . The similarity criterion sim ( , ∘ ) measures the quality or the goodness of the matching of a given transformation. In this study, binary images are used, and the sum of the square difference (SSD) suffices for our application as defined as
where ∘ represents the morphed moving image, Ω is the region of overlap between and ∘ . The problem now becomes an optimization problem to find a transformation over a given space that minimizes the similarity energy function sim .
In order to end up with a global minimization of a well-posed criterion, the similarity energy function in (1) was modified by introducing an auxiliary variable (i.e., correspondence c) in the registration process [13] . The introduction of this auxiliary variable decouples the complex minimization into simple and efficient steps by alternating optimization over and . Considering a Gaussian noise on the displacement field, the global energy then becomes [12] 
where accounts for the noise on the image intensity, accounts for a spatial uncertainty of the correspondences, and controls the amount of regularization that is needed: dist( , ) = ‖ − ‖ and reg ( ) = ‖∇ ‖.
The model assumes that so-called "demons" at every voxel from the fixed image are applying forces that push the voxels of the moving image to match up with the fixed image. The transformation is driven by a "demons force" derived from the assumption of image intensity conservation [14] . The original demons algorithm has been modified and allows retrieving small and large dense displacement field defined as [15] 
where U( ) is the displacement at point defined in the fixed image, is a positive homogenization factor. The updated unconstrained dense displacement field is computed based on an optical flow computation at each voxel at every iteration. The resulting updated field is added to the global deformation field, and the displacement field is regularized by applying a Gaussian smoothing filter.
In order to solve the displacement field U, the global energy defined in (2) needs to be minimized. This energy function allows the whole optimization procedure to be decoupled into two simple steps. The first step solves for the correspondence by optimizing
with respect to and with s given. The second step solves for the regularization by optimizing (1/ 2 )‖ − ‖ 2 +
(1/ 2 ) reg ( ) with respect to s and given [9] . The transformation in the original Demons method [14] is not constrained and does not provide diffeomorphic transformations. A diffeomorphic extension to the demons framework was proposed by adapting the optimization procedure to a space of diffeomorphic transformations. It is performed by using an intrinsic update step which computes the vector field exponentials of the Lie group of diffeomorphims (see [9, 12] for details).
Strain Level Quantification. From the diffeomorphic
Demons registration, the transformation s, corresponding Journal of Applied Mathematics 3 to a displacement field U(X), is obtained from (3) . The displacement field is defined on every voxel in the fixed image and morphs the fixed image to the moving image. The strain tensor could then be calculated based on the theory of continuum mechanics [16] . A Lagrangian reference frame was assumed at the fixed image space:
The displacement field U(X) = [ , , ] for each voxel, obtained from the image registration, gives a reasonable alignment to bring the fixed image at point with coordinates X( , , ) to its corresponding point in the moving image at coordinates x( , , ) [9] . The displacement gradient is defined as [16] grad
.
The deformation gradient is defined as
The Lagrangian finite strain tensor E is defined as
The Lagrangian finite strain tensor, E, is a 3 × 3 symmetric tensor representing the deformation of a point. Different scalar indices that can be derived from the tensors, especially the principal strains which represent the maximum and minimum normal strains experienced at a point, are characterized by the tensor eigenvalues. Strain level represents the deformation of brain tissue due to the occurrence of a disease. In order to quantify the brain tissue deformation, a dense displacement field representing the brain tissue motion from healthy stage to hydrocephalus stage is needed. For this, the main premise is the images acquired at two distinct states: at healthy state and at diseased state. Since the brain images of the patient under healthy state were not available, we proposed a strategy to recover a healthy brain for a specific patient by combing the information from the diseased brain geometry together with the brain atlas by a nonlinear image registration method [10] .
The lateral ventricles and brain tissue were firstly manually segmented from the recovered healthy brain and hydrocephalic brain images. A rigid registration step was first used to centre the images about the same point which were the input volumes to nonlinear registration process. In principle, the segmented healthy brain should be chosen as the fixed image so as to capture the motion of brain tissue from the healthy to hydrocephalic state. In this study, since the registration performs better from healthy brain to the hydrocephalic brain image, we chose the hydrocephalic brain image as the fixed image, and the obtained displacement field was then inverted by an itkIterativeInverseDisplacementFieldImageFilter algorithm implemented in ITK (see the description for the approach on ITK's website http://www.itk.org). The final obtained displacement for further processing is the inverted displacement field defined on the recovered healthy brain space which represents the structural brain change that occurred from the healthy to hydrocephalus state.
From the obtained displacement field, a quantitative description of the nerve tissue deformation that occurred during hydrocephalus development can be derived in the form of the finite Lagrange strain tensor [16, 17] . Different scalar indices can be derived from the strain tensor, especially, the 1st principal strain, defined as the maximum eigenvalue of Lagrange strain tensor E, representing the maximum stretching was used to describe the stretching of brain tissue.
Axonal Fiber Tract Extraction and Healthy Brain
Shape from Atlas. From a series of diffusion weighted (DW) images, the effective diffusion tensor, D, can be estimated using the relationship between the measured signal intensity at each voxel and the applied magnetic field gradient sequence [18, 19] . The diffusion tensor is symmetric (i.e., = ), and thus it contains only six unique values. Given this, at least six noncollinear diffusion gradient directions are required to determine the diffusion tensor [20, 21] .
Once the diffusion tensor D is determined, different indices can be derived to provide information for each voxel in the image. The diffusion tensor is a real, symmetric secondorder tensor. Mathematically, this entails a linear rotation of the diffusion tensor to diagonalize it thereby setting offdiagonal elements to zero [22] :
where 1 , 2 , and 3 are eigenvalues ( 1 > 2 > 3 ), and the corresponding eigenvectors are e 1 , e 2 , e 3 . The eigenvalues of the diffusion tensor provide diffusion coefficients along the orientations defined by its respective eigenvectors [22] .
1 represents the greatest diffusion value along a fiber axis, denoted by the direction vector e 1 . 2 , 3 represent the diffusion value along two axes perpendicular to e 1 . Because D is symmetric and positive definite, its three eigenvectors (principal coordinate directions) e 1 , e 2 , and e 3 are orthogonal [23] .
The Fractional Anisotropy (FA) is the most commonly used anisotropy measure and is a normalized expression of the tensor eigenvalues [24] according to
where is the mean of the eigenvalues of the diffusion tensor. Once the fractional anisotropy (FA) and the preferred diffusion direction have been created, it is possible to perform fiber tracking or diffusion tensor tractography. Streamline tractography is one of the methods for fiber tract estimation [25, 26] . Streamline tractography uses the maximum orientation described by the eigenvector e 1 associated with the largest eigenvalue 1 , as an estimate of local tract orientation. It assumes that 1 associated with the maximum eigenvector is the main fiber direction.
In this study, white matter fiber tracts were extracted from ICBM DTI-81 atlas provided by the international consortium for brain mapping (ICBM) [27] . The T2-weighted image from the same dataset which represents an average adult brain was used for recovery of a healthy brain as described in a previous section. The atlas is based on probabilistic tensor maps obtained from 81 normal adults ranging from 18 to 59 years of age. From the diffusion tensor imaging, the Fractional Anisotropy (FA) could be calculated which is a scalar value representing the anisotropic property. The colorcoded FA value calculated from the DTI tensor is displayed in (Figure 1, left) where the color reflects the white matter orientation (red (right-left), green (anterior-posterior), and blue (superior-inferior)). The fiber tracts which pass through the predefined region of interests (ROI) are CC and CS fiber tracts. The corresponding sagittal and coronal sections of the T2-weighted images from the same dataset are shown in Figure 1 upper row on the right.
Streamline method [26, 28] was used to extract white matter fiber tracts. The final extracted white matter tracts in the whole brain contain the polylines with a corresponding diffusion tensor at each fiber point (Figure 1 , lower row: left and middle), from which the CC and CS fiber tracts were isolated (Figure 1, lower row: right) . The obtained fiber tracts from the atlas were then adapted to the patient brain by applying the obtained displacement field which represent the cranial structural shape difference between the patient and atlas. This gave the fiber tracts for the recovered healthy brain for a specific patient.
Results
Patient Information.
The average age of the six patients with hydrocephalus was calculated to 60 years. Clinical symptoms among the six patients showed gait disturbances in four cases and cognitive deficits in all patients while only two had urinary incontinence (Table 1) . Five patients improved in their clinical symptoms, individually evaluated between 19 and 96 days after the shunt operation, while the sixth patient did not probably due to the presence of dementia.
Strain Level at Ventricular Wall, CC and CS Fiber Tracts.
The increased strain levels in the six patients are presented for preoperative ( Figure 2 ) and postoperative stages (Figure 3 ). Before and after the operation all patients had a substantial dilatation of the lateral ventricles in various degrees although in less degree after the treatment. The ventricular dilatation caused increased strain levels not only in the ventricular walls ranging from 99% to 333%, but also in the brain tissue surrounding the ventricles in different degrees. As a consequence, the increased strain levels found in the CC fiber tracts ranged from 58% to 139% and in the CS fiber tracts from 29% to 74% among the patients (Figure 7) .
After the ventriculoperitoneal shunt had been installed, the lateral ventricles decreased although not to an extent as could be expected after such an operation. Thus, the postoperative strain levels of the ventricular walls decreased in all six patients ranging from 9% to 60% based on the preoperative values (Figure 7) .
In a similar way, although decreased after the shunt operation, the strain levels in the CC and CS fiber tracts were still on a surprisingly high level ranging from 9% to 56% for CC fiber tracts and from 5% to 20% in the CS fiber tracts (Figure 7) . The strain level data showed normal distribution, and therefore, a paired sample t-test was used to compare the CC and CS fiber strain levels. The results were evaluated by a 1-tailed t-test at 95% confidence level. It was found that the strain levels in CC fiber tracts are significantly higher than those of CS fiber tracts for both pre-( < 0.05) and postcraniotomy period ( < 0.05). This indicates a more stretched scenario for the CC fiber tracts.
The trend was that those patients with the highest ventricular dilatation and increased strain levels also showed the highest strain levels in the CC and CS fiber tracts both before and after treatment. A similar trend was found between CC and CS fiber tracts. Also, since the CC fiber tracts are closer to the expanded ventricles, it seems logical that the increased strain levels are higher in these fibers compared to those found in the CS fiber tracts which are anatomically located further away from the ventricles. Figure 2 : Overview of the 6 patients at their preoperative stages. Each row from top to bottom represents the medical images used for nonlinear image registration from which the strain level was quantified in the entire brain, and the calculated strain levels are illustrated at coronal sections and the ventricular walls. At bottom the strain level at CS and CC fiber tracts is presented.
The individual follow-up time ranged from 19 to 96 days. The increased strain levels should be expected to decrease more in those patients with longer follow-up times compared to those with a short follow-up time. However, there was no such pattern found among the patients in this study.
The result is exemplified with one of the six patients (patient PK) which is presented in more detail ( Figure 4) . As defined previously, the dilatation of the lateral ventricles causes distortion of most of the surrounding axonal fiber tracts and where the CC and CS fiber tracts are addressed here. Thus, during the hydrocephalus development the CS fiber tracts were displaced outwards by the arrows representing the displacement vector obtained from image registration (Figure 4 The strain levels for both CS and CC fiber tracts ( Figure 4 , lower row) showed that the CS fiber tracts presented a lower value compared to that found in the CC fiber tracts. Thus, the maximum strain level increase in the CS fiber tracts was 0.5, or 50%, while that in the CC fiber tracts was as high as 1.2 or 120%.
When comparing the average strain levels found in the ventricles, the CC and CS fibers, the trend seemed clear that the longer distance from the ventricles the less the strain levels both before and after the neurosurgical procedure ( Figure 7) . Hence, the difference was the least in fiber tracts in the periphery of the brain tissue for both pre-and postoperative stages.
To evaluate the strain level at brain tissue with further distance from the lateral ventricles, the original ventricular walls were scaled outwards until it reached the cranial boundary and which was taken as the maximum distance for evaluation. Between the original normal ventricles and the maximum dilated ventricles, ten different-sized lateral ventricles were created by equally interpolating the two extreme cases. The obtained different-sized ventricles are illustrated in Figure 5 , left with only three ventricles shown aiming at a better illustration. The obtained, interpolated ventricles were then used to resample the strain levels in the entire brain and based on which the average strain levels at different distances to the ventricles were calculated. As the brain sizes are different across the patients in the present study, the distance from the ventricles was normalized for each patient by dividing the brain size to the largest distance in that particular patient. This yielded distances range from 0, that is, brain tissue adjacent to the ventricles, to 1, that is, the outermost brain tissue, which were binned in an increment of 0.1. A profile of the strain levels in brain tissue as a function distance from the ventricles could then be plotted. Thus, the relationship between the distance from the ventricles and the average strain levels showed a logarithmic profile in all patients both at the pre-and postoperative periods ( Figure 5 ). The evaluation showed decreasing strain levels with increasing distances from the ventricles for each patient although in different degrees. An earlier study has shown a logarithmic correlation between the regional cerebral blood flow (rCBF) and the distance from the lateral ventricles in hydrocephalic patients [1] . Thus, the displacement and increased strain levels presented in this study may have a substantial impact on the rCBF among these patients. By combining the rCBF values from that earlier study at a distance from the lateral ventricles together with the increased strain levels found in this study at the same distance, the relationship between CBF and strain levels was plotted ( Figure 6 ) showing a linear correlation between the increased strain level in this study and the rCBF ( = 0.9905, < 0.0001) from the earlier study [1] . Thus, as illustrated at one point in the figure, by reducing the increased strain level from preoperative 176% to postoperative 130% shown on the horizontal axis, the rCBF increased from about 6.5 to 11.4 mL/100 mg/min (ΔrCBF in Figure 6 ).
Discussions
All six patients had increased displacement as well as profound increased strain levels in the surrounding brain tissue both before and, although less pronounced, after the neurosurgical procedure. Also, all patients were defined with cognitive disturbances. Incontinence was defined in four of the patients and without any correlation to displacement or strain level. However, the neurosurgical procedure resulted in a definite reduction of both displacement and strain level. In those two cases with the lowest increase of displacement and strain level there was no gait ataxia. This study, to the best of our knowledge, is the first to provide a quantitative view regarding the stretching of ventricular wall, CC and CS tracts in hydrocephalic patients. Further, a close correlation was found to exist between the increased strain level and the rCBF. A linear relationship ( = 0.9905, < 0.0001) was found to exist between the preoperative strain levels (x-axis where 1 = 100% strain level increase) and the regional cerebral blood flow (rCBF) (black dots, data from a previous publication [1] . One point was illustrated to show improved rCBF due to shunt operation (light dots, ΔrCBF).
The presented results provide direct evidence that Hakim triad could to some extent be explained by the increased strain levels.
Those patients with the largest expansion of the ventricles showed the most profound strain level increase in the fiber tracts of CC and CS, while those with smaller ventricular increase presented a more modest strain level increase. This may indicate that patients with larger ventricles should be expected to present a worse outcome. However, this was not the case in this study. Instead, it is suggested that larger displacement of the ventricles will influence the surrounding brain tissue more distant compared to those patients with less expanded ventricles. Also, the larger the ventricle expansion the more severe the strain level in CC fibers tracts, and this could tentatively interfere negatively with connections between the two hemispheres thereby prolonging the clinical improvement for such patients. Since the CS fiber tracts are anatomically located further away from the ventricles, they had a less pronounced strain level increase which was to be expected.
Experimental studies of axonal stretching have shown a clear correlation between the strain level and axonal function. An increased strain level of 5% was found to alter neuronal function, while 10% may cause cell death in rapid axonal stretching models [29] . Bain and Meaney (2000) demonstrated in an animal model that a strain level of approximately 21% will elicit electrophysiological changes, while a strain of approximately 34% will cause morphological signs of damage to the white matter [30] . Under slow loading rates, however, axons could tolerate much higher strain levels and with stretch of up to twice of their original length (a strain of 100%) with no evidence of damage [31] . Using a model of sciatic nerve stretch, Fowler et al. reported that even minimal tension, if maintained for a significant amount of time, may result in loss of neuronal function [32] . Based on these, it should be expected that an increased strain level in both CC and CS fiber tracts in hydrocephalus patients found in the present study very well interferes with the normal conductivity in the axons, hence also interferes with the patients' rehabilitation. When the strain level increase reaches a critical point or threshold, it may very well initiate a biochemical response which may further alter the CC and CS fiber tracts. From a clinical aspect, the sustained increased displacement and increased strain levels of axons may also result in gait disturbances due to the potential interference with the long corticospinal fiber tracts connecting motor and sensory areas with the spinal cord as well as those in the corpus callosum connecting the electrophysiological functions of both hemispheres with each other [33] .
The displacement and strain level in hydrocephalus patients belong to a static or semistatic increase thereby allowing the fiber tracts to accept the changes during a longer period. This may favor the rehabilitation even if the increased strain level is substantial due to the very low deformation rate [31] . However, of special interest are elderly people who already have an atrophied brain tissue and which may suffer more than those in employment age. Many of the hydrocephalus patients improve after ventriculoperitoneal shunt treatment. However, there is no treatment for those, who do not improve due to a lack of explanation of the causes. It was suggested that the increased strain levels may cause a disturbance in the electrophysiological function in these fiber tracts, and consequently, a tailored matrix of conductive, organic bioelectrodes could potentially be implanted in the area of corpus callosum fiber tracts thereby counterbalancing the electrophysiological dysfunction as proposed in a previous study [33] .
In the present study all patients had indeed a reduction in the strain level postoperatively. However, the reduced strain level was still on a surprisingly high level and could therefore have a negative influence on the anatomy and histology of the nervous tissue together with a sustained alteration in the conductivity of the axons in the white matter. It seems that the reduction of rCBF clearly correlated with that of increased strain levels. Even a small reduction in rCBF may influence the rehabilitation especially among the vulnerable elderly patients and which should be taken into consideration.
Conclusions
A numerical method based on nonlinear image registration was used to quantify the stretching of ventricular wall, corpus callosum, and corticospinal axonal fiber tracts in six patients with hydrocephalus both before and after shunt operation. These data provide new insight into the mechanical cascade of events due to tissue stretching, thereby to provide us with more knowledge into understanding of the role of brain tissue and axonal stretching in some of the hydrocephalus clinical symptoms. Moreover, a linear correlation was found to exist between strain level and the rCBF. The combination of increased displacement of the ventricular walls, sustained increased strain levels, and derangement in electrophysiology activity in the white matter together with a reduced rCBF may, under certain circumstances, has a profound impact on the outcome following hydrocephalus.
